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Laser based powder bed fusion is a promising manufacturing method that can be used for the fabrication of
hard magnets such as NdFeB with nearly any given geometrical shape. However, the weak performance, e.g.,
low coercivity, of the 3D-printed magnets currently hinder their application. In this work, we demonstrated
a proof-of-concept of powder bed additive manufacturing of heavy rare earth free NdFeB magnets with tech-
nologically attractive coercivity values. The 3D-printed NdFeB magnets exhibit the highest (up-to-date for
the additively manufactured magnets without heavy rare earth metals) coercivity values reaching
m0Hc = 1.6 T. The magnets were synthesized using a mixture of the NdFeB-based and the low-melting eutec-
tic alloy powders. The essential function of the eutectic alloy, along with binding of the NdFeB-based mag-
netic particles, is the significant improvement of their coercivity by the in-situ grain boundary (GB)
infiltration. The fundamental understanding of the magnetization reversal processes in these 3D-printed
magnets leads to the conclusion that the excellent performance of the additively manufactured hard magnets
can be achieved through the delicate control of the intergrain exchange interaction between the grains of the
Nd2Fe14B phase.







Intergrain Exchange Interactionals Engineering - IWT and Fac-
Badgasteiner Str. 3, Bremen
es and Mathematics, Ural Fed-
vier Ltd. This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)1. Introduction
The development of energetics and robotics, miniaturization of
existing high-tech devices as well as electric and hybrid vehicles
require an annual increase in the production volume of permanent
magnets and at the same time improvement of their magnetic prop-
erties. Due to eddy currents, the temperature of permanent magnets
used in generators and electric motors, exceeds room temperature
and often reaches up to 400 K. In the case of soft magnetic materials,
the eddy currents can be decreased by designing their topological
structure [1]. However, this approach is unsuitable for rare earth
magnets because of their high brittleness. The high temperature coef-
ficient of coercivity limits the torque and power density of the devi-
ces at operating temperatures. Increasing the coercivity is the most
important task when modifying permanent magnets. The use of grainboundary (GB) infiltration with a second material such as Cu-based
alloys [2] can prevent the co-operative magnetization reversal of per-
manent magnet grains. This method is free of the addition of expen-
sive heavy rare earth metals such as Tb and Dy to the permanent
magnet alloy and leads to an approximately double increase in coer-
civity [2]. The NdFeB magnets are mainly produced by sintering that
enables simple shapes such as cylinders, rings, balls, etc. Widely used
magnetic systems also consist of soft-magnet elements, which act as
magnetic flux "conductors" and concentrators. Recently, application
of additive manufacturing technologies allowed to create magnets of
more complex shapes [3] and, thus, to abandon application of soft
magnetic "ballast" in magnetic cores of magnetic system.
There are several additive manufacturing techniques used to pro-
duce permanent magnets: fused deposition modelling [4,5], binder
jetting [6,7] as well as laser powder bed fusion including selective
laser melting [3] and selective laser sintering [8]. In the case of fused
deposition modelling, a mixture of the rapidly quenched NdFeB-
based alloys (MQP brand) and polymer binder were used. The signifi-
cant amount of the non-magnetic polymer reaching up to 50% vol-
ume reduces the residual magnetization of this magnet by half and
its (BH)max four times. In the recently reported highly dense isotropic
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is about 30% [9]. Moreover, usage of polymers limits the maximum
operating temperature of such magnets. This problem can be elimi-
nated by binder jetting where the binder material is metal [7]. How-
ever, the residual porosity leads to somewhat lower magnetic
properties as compared with fully dense magnets. One of the promis-
ing additive manufacturing technology for production of fully dense
and all-metal magnets is laser powder bed fusing. Unfortunately, full
remelting of a special commercial NdFeB-based powder (MQP-S sup-
plied by Magnequench Corporation) ruins its unique nanocrystalline
microstructure and, thus, leads to a decrease in coercivity together
with (BH)max values [3]. The MQP-S powder was originally designed
for the manufacture of bonded magnets particularly by injection
molding and extrusion. Recently, it has been demonstrated that
selective laser sintering (instead of melting) is a possible manufactur-
ing process for fabrication of NdFeB-based magnets using the MQP-S
powder. To improve the low coercivity in these additively sintered
magnets, the GB infiltration of the low melting alloys such as PrCu
was applied as a second manufacturing step [8].
On one side, application of the grain boundary (GB) infiltration
technique to a nanocrystalline NdFeB-based material leads to higher
coercivity values. On the other side, introduction of paramagnetic
material into the NdFeB-based material results in lower magnetiza-
tion values. Since the amount of infiltrated paramagnetic material is
proportional to the area of grain boundaries, it can be reduced using
NdFeB-based materials with a coarser grain size. This research work
is devoted to establish a single step additive manufacturing process
enabling the fabrication of in-situ (upon 3D-printing) infiltrated
NdFeB-based magnets with high coercivity values. The GB infiltration
takes place during 3D-printing. Moreover, the effect of grain size of
the NdFeB initial material on the final magnetic performance is dis-
cussed. For that reason, the NdFeB-based material with two different
average grain sizes are selected, namely, nano- and microcrystalline.2. Materials and methods
The schematic of the powder bed additive manufacturing process
applied in this work is shown in Fig. 1. In the current experiment a
mixture of two powder materials, namely, the MQP-B grade rapidly
quenched alloy [10] and the (Pr0.5Nd0.5)3(Cu0.25Co0.75) low melting
eutectic alloy [2], is used. The MQP-B powder is NdFeB-based hard
magnetic material and it is studied in two conditions, namely, as-
delivered (nanocrystalline) and after additional annealing at 1273 K
(microcrystalline). The grain sizes of the as-delivered (nanocrystal-
line) and annealed (microcrystalline) magnetic material are about
25 nm and 450 nm [10], respectively. The (Pr0.5Nd0.5)3(Cu0.25Co0.75)
material is an GB infiltration alloy to improve coercivity of the hard
magnetic material. The mixture consists of 80 wt.% of the MQP-B
powder and 20 wt.% of the eutectic alloy and is premixed in alcohol
to avoid oxidation. The mixture was distributed manually on a Cu-
based plate with 1 mm deep cavity. The as-distributed material is
placed into the chamber of the additive manufacturing device (Acon-
ity mini, Aconity3D, Germany) filled with argon gas. The speed ofFig. 1. Schematic illustration of the additive manufacturing oflaser beam scanning and the number of passes were varied. The mag-
netic properties were measured using MPMS XL 7 EC (Quantum
Design, USA) in magnetic fields of up to m0H = 7 T. The demagnetiza-
tion factor was about N  0.05. The microstructural characterization
was conducted using an electronic microscope using backscattered
detector (Gemini Supra 40, Carl Zeiss, Germany).3. Results and discussion
Here, we aim to prove the concept of one-step additive
manufacturing process of permanent magnets with high coercivity.
For this purpose, the low-melting eutectic alloy powder based on 3d-
4f metals was mixed with the NdFeB-based alloy. The eutectic alloy
performs two functions, namely, (i) a binder function to create a per-
manent magnet body from the powder and (ii) an effective separa-
tion function of nanoscale grains of the main hard magnetic phase
that suppresses the exchange interaction between the grains contrib-
uting to the increase in coercivity of such a magnet. For this purpose,
two powder mixtures consisting of the MQP-B alloy powder and
20 wt.% of the (Pr0.5Nd0.5)3(Cu0.25Co0.75) eutectic alloy were prepared.
The first mixture consists of the microcrystalline MQP-B alloy
(annealed at 1273 K) state. Annealing of the MQP-B alloy pursues the
following goals as a result of grain coarsening: (i) change the pro-
cesses of magnetization; (ii) decrease grain boundary density to
reduce the required amount of the infiltrated eutectic alloy; (iii)
determine the influence of grain contacts on the coercivity formation.
The second mixture consists of the nanocrystalline MQP-B alloy (as-
delivered state). The powder mixtures were processed with the selec-
tive laser melting method (SLM) as described in Materials and Meth-
ods. As a result, single-layer probes were synthesized to minimize
the demagnetization factor in subsequent measurements of magnetic
properties. The laser parameters were adjusted to achieve melting of
the eutectic alloy and simultaneously avoid the melting of the hard
magnetic alloy. For this reason, the laser beam diameter was
increased from about 50 mm to 100 mm to establish a more homoge-
neous heat distribution and to suppress a local overheating of the
powder mixtures.
The phase composition of the 3D-printed nano- and microcrystal-
line magnets was probed by the X-Ray analysis. The exemplified X-
ray pattern of the 3D-printed nanocrystalline magnet are shown in
Fig. 2. According to the Rietveld refinement, the upper surface layer
(the one facing laser beam) of the 3D-printed nanocrystalline magnet
consists of the initial Nd2Fe14B magnetic phase as well as several new
phases including a-Fe, (Nd, Pr)2O3 and (Nd, Pr)(OH)3 phases (Fig. 2a).
The X-ray analysis of the powdered sample indicates also formation
of the (Nd,Pr)Fe4B4 phase (Fig. 2b). The lattice parameters and space
group of the phases are listed in Table 1. The formation of (Nd, Pr)2O3
phase is due to high reactivity of Nd and Pr with oxygen. To prevent
the oxidation of Nd and Pr, the initial powder mixtures were stored
in alcohol. The powder mixtures wetted with the alcohol were dis-
tributed on the platform for the SLM processing. Since the presence
of the initial eutectic material was undetected in the 3D-printed mag-
nets, it is reasonable to conclude that the NdPr-based eutectichigh-coercivity permanent magnets via one-step process.
Fig. 2. X-Ray diffraction patterns (measured and calculated) of the 3D-printed nano-
crystalline magnet: (a) upper surface of the as-printed sample and (b) powdered sam-
ple obtained from the 3D-printed magnet.
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Pr)2O3 and (Nd, Pr)(OH)3. The formation of a-Fe was expected since
this is a decomposition product of Nd2Fe14B subjected to elevated
temperatures above the certain threshold in the presence of oxygen
and hydroxide [11].
The microstructural analysis combined with the EDX analysis
prove the presence of microscale Fe-rich crystals (dark areas) located
in the upper layer of the 3D-printed nanocrystalline magnet (Fig. 3a).
It seems that the diffusion of the NdPr-based alloy into the Nd2Fe14B-
based particles leads to the dealloying effect [1220], namely, diffu-
sion of Nd from the Nd2Fe14B phase into the NdPr-based phase. Upon
dealloying, the Nd2Fe14B phase is locally depleted in Nd (but enriched
in Fe) and, eventually, transforms into a-Fe. The dealloying process is
time and temperature limited process [18,21] and, therefore, the
middle and bottom layers of the 3D-printed magnets are a-Fe-free.Table 1
Phases observed in the 3D-printed nanocrystalline magnets.
Phase Space group Lattice parameters ( _A)
Nd2Fe14B P42/mnm a = 8.798(3) c = 12.156(4)
a-Fe Im-3m a=2.8664
(Nd, Pr)O3 P-3m1 a=3.8297 c=6.01
(Nd, Pr)(OH)3 P63/m a=6.432 c=3.742
(Nd,Pr)Fe4B4 Pccn a=7.117(1) c= 35.070(5)This was proven with X-ray (Fig. 2b) and SEM analyses (Fig. 3). The
microstructure of the 3D-printed magnets possesses a gradient struc-
ture, namely, an increase in grain size of the hard magnetic phase in
the direction from the bottom to the top direction. Ca. 200 mm below
the upper layer, the size of the Nd2Fe14B phase reduces from about
3 mm to about 1 mm and a typical morphology of the infiltrated
Nd2Fe14B materials can be observed (Fig. 3b). The most grains have a
direct contact to each other. The Nd2Fe14B grains (darker areas) are
distinctly separated by the other phase(s) appearing as brighter areas.
The microstructural gradient is due to a limited heat transfer from the
top towards the bottom layer of the sample. In other words, the
upper layer experienced longer heat treatment at higher tempera-
tures as compared with the bottom layer.
The 3D-printed nanocrystalline magnet synthesized from the
MQP-B (nanocrystalline) in the as-delivered condition exhibits much
finer gradient microstructure compared to the 3D-printed microcrys-
talline magnet (Fig. 4). The size of the Nd2Fe14B grains in the upper
layer is ca. 200 nm (Fig. 4b) what is about 5 times smaller than that of
the microcrystalline magnet. In the layer ca. 150mm below the upper
surface, the grain size decreases below 100 nm (Fig. 4c and d). The
distinct dark-grey areas of the Nd2Fe14B grains separed by the phases
appearing as brighter areas is observed in every micrograph pre-
sented in Fig. 4. This bright areas are probably due to the NdFe4B4,
(Nd, Pr)2O3 and (Nd, Pr)(OH)3 phases detected in the XRD patterns.
The Nd2Fe14B grains are separated by (Nd, Pr)2O3 and (Nd, Pr)(OH)3.
In the near-bottom layer (ca. 500 mm from the surface), separation of
the Nd2Fe14B grains by the paramagnetic eutectic alloy was unde-
tected by SEM analysis. To minimize the effect of gradient micro-
structure on magnetic properties, the upper and lower layers of the
3D-printed samples were removed by mechanical polishing.
Major hysteresis loops of initial alloys and 3D-printed magnets are
presented in Fig. 5. The coercivity m0Hc of the 3D-printed nano- and
microcrystalline magnets demonstrate significant improvement
(increased in 1.7 and 18.4 times, respectively) compared with that of
the initial (nanocrystalline) and the heat treated (microcrystalline)
MQP-B powders (Fig. 5). The coercivity values of 3D-printed nano- and
microcrystalline magnets are 1.6 T and 0.92 T, respectively. The
improvement in coercivity of the 3D-printed microcrystalline magnets
is associated with the decrease of the number of grain boundary defects
as compared to the microcrystalline MQP-B powder. According to the
SEM analysis (Fig. 3b), there are many non-infiltrated, i.e., free of the
paramagnetic layer, regions in the 3D-printed microcrystalline magnet.
It is assumed that the GB infiltration occurs through those junctions
where the local atomic surrounding exhibits a highly non-equilibrium
configuration. These non-equilibrium configurations are due to the
growth of grains possessing random crystallographic orientation. The
grain boundary near Nd atoms experience crystal-electric fields of low
symmetry leading to the local decrease in magnetocrystalline anisot-
ropy and, thus, a high possibility of the domain nucleation with the
reversal magnetization. Once the domain wall is formed, it can freely
move within the grains through shared boundaries [22]. The paramag-
netic alloy diffused through the grain boundaries induced their “repair-
ing”, i.e., reduction of the number of defects. In its turn, this causes the
local increase of the constant of anisotropy and the multiple increase in
coercivity of the current additively manufactured magnets.
The coercivity of the heat treated MQP-B powder is about
m0Hc = 0.05 T while the coercivity of the initial MQP-B powder is 0.94
T. The highly coercive state of the nanocrystalline MQP-B material
with a characteristic grain size of 25 nm [10] is due to the irreversible
rotation of the magnetization in the nanograins. The formation of a
domain wall, in this case, is energetically disadvantageous because
the grain size is too small. The decrease in coercivity is associated
with the following aspects: first, change in the process of magnetiza-
tion reversal from the irreversible rotation of magnetization (initial
MQP-B) to the nucleation (heat treated MQP-B) and, second, the high
number of defects at the grain boundary regions leading to a local
Fig. 3. SEM micrographs of the 3D-printed microcrystalline magnet (microcrystalline magnet is synthesized from a mixture of the microcrystalline MQP-B powder and low melting
eutectic alloy) through its thickness to demonstrate gradient microstructure. (a) microstructure of the upper layer; (b) microstructure in the layer ca 200mmbelow the upper surface.
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latter leads to decrease in the magnetic field required for the forma-
tion of nucleus of magnetization reversal.
The intergrain exchange interaction between the grains with
shared grain boundary as well as a high number of defects at the
grain boundary lead to the decrease in the effective constant of
anisotropy similar to that in soft magnetic materials [23] and, there-
fore, decrease in coercivity far below the theoretical limit (Hc = 0.479
Ha where Ha  8 T at room temperature  field of anisotropy of the
Nd2Fe14B phase) predicted within the StonerWohlfarth model [24].
The increase in coercivity after 3D-printing in the case of the nano-
crystalline magnet is due to a decrease in the average value of the
intergrain exchange interaction constant which will be shown below.
There is a significant difference in shape of the hysteresis loops
between the nanocrystalline 3D-printed magnet and the original
MQP-B material. Particularly, the hysteresis loop of the initial powder
shows high rectangularity. The hysteresis loops of the 3D-printed
nanocrystalline magnet possess a less rectangular loop shape close to
that of the isotropic StonerWohlfarth ensemble [25], with a slow
decrease in magnetization in the magnetic fields of less than the coer-
civity and a sharp change in the fields slightly exceeding the latter.
Such a difference is attributed to the suppression of intergrainFig. 4. SEM micrographs of the 3D-printed nanocrystalline magnet (nanocrystalline magnet
ing paramagnetic eutectic alloy) to demonstrate its gradient microstructure. (a) and (b) mi
upper surface; and (d) microstructure in the layer ca. 300 mm below the upper surface.exchange interaction of composite Nd2Fe14B-based materials due to
the paramagnetic layer between grains [26]. The hysteresis loop of
the 3D-printed microcrystalline magnet is also not rectangular and
possesses some inflection. Such form of the hysteresis loop is associ-
ated with the wide distribution of nucleation fields of the different
areas/places of the sample. Based on the field value, the inflections
are probably due to the remaining non-infiltrated zones of the initial
Nd2Fe14B material or zones with large area of a direct contact
between neighbor grains (Figs. 3b and 4d).
Comparing magnetic behaviour of the 3D-printed magnets, it is
important to point out that both samples types, nano- and microcrys-
talline magnets, contain the same amount of the paramagnetic GB
infiltration alloy but their coercivity values differ 1.7 times. This is
related with their microstructure and, specifically, the grain size. The
GB infiltration alloy and the hard magnetic phase form percolated
areas in the microcrystalline magnet. In this case, domain walls can
move easily from grain to grain between coupled grains with the
shared boundary or junction points (Fig. 3b). A single location with the
reduced local anisotropy (e.g., near the defect) is enough to start mag-
netization reversal in a few hundreds or thousands of cubic microns of
the sample. In contrary to the 3D-printed microcrystalline magnet,
according to the SEM analysis, the 3D-printed nanocrystalline magnetis synthesized from a mixture of the nanocrystalline MQP-B powder and the low melt-
crostructure of the upper layer; (c) microstructure in the layer ca. 150 mm below the
Fig. 5. Major hysteresis loops of the initial nanocrystalline and the annealed micro-
crystalline MQP-B materials as well as 3D-printed nano- and microcrystalline magnets
at T = 300 K (Note: Nanomagnet  nanocrystalline magnet and Micromagnet  micro-
crystalline magnet).
Table 2
Temperature coefficients of coercivity b, remanence magnetization, spontaneous
magnetization and their ratio of the initial nanocrystalline MQP-B material and
3D-printed nano- and microcrystalline magnets.
Sample b (%/K) sr (A¢m2/kg) ss (A¢m2/kg) sr/ss
3D-printed microcrystalline
magnet
 0.55 59.4 118.6 0.50
3D-printed nanocrystalline
magnet
 0.44 60.5 120.6 0.50
Initial MQP-B  0.42 96.1 171.4 0.56
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size, the existence of domain wall in the grains of the nanocrystalline
magnet is unlikely. In this case, magnetization reversal occurs through
the irreversible rotation of the magnetization vector and percolation is
the insufficient condition for the magnetization reversal of large areas
in the nanocrystalline magnet. Decreasing of the grain contact area
leads to the diminution of cooperative magnetization reversal and the
increasing of coercivity values.
The magnets are typically operated in a wide temperature range.
Therefore, temperature dependence of coercivity of the 3D-printed
Nd2Fe14B-based magnets was measured and presented in Fig. 6. The
temperature coefficients of coercivity b (sensitivity of magnet coer-
civity to temperature changes) are shown in the second column of
Table 2. The absolute value of b increases with increasing grain size
in the current 3D-printed magnets, what was previously observed for
the hot deformed NdFeB anisotropic magnets [27]. This indicates that
the 3D-printed microcrystalline magnets are more sensitive to tem-
perature as compared with the nanocrystalline ones. More impor-
tantly, coercivity of the current 3D-printed nanocrystalline magnets
is less dependent on temperature as compared with the sintered
magnets [2729].Fig. 6. Coercivity vs. temperature dependence of the initial nanocrystalline MQP-B
material and 3D-printed nano- and microcrystalline magnets at temperature range
200400 K.The ratio of coercivity values of the nanocrystalline magnet and
the initial MQP-B powder HcB/HcMQP-B is about 1.7 for all tempera-
tures. This means that the 3D-printed permanent magnets produced
by the proposed process can withstand a higher magnetic field as
compared with the original material without magnetization reversal.
The recently reported ratio of coercivity of heavy rare earth free addi-
tively manufactured Nd2Fe14B-based magnets and initial powder
material Hcfinal/HcMQP-S obtained by two-stage process is about 1.15
[8]. The addition of heavy rare earth elements can improve the coer-
civity ratio up to the value of about 1.7 [8]. However, the application-
relevant absolute coercivity value of our nanocrystalline magnet
(1.6 T) is higher than that of this 3D-printed magnet (1.5 T) from ref-
erence [8]. The absolute coercivity value of our 3D-printed magnets
is about 35% higher as compared to the literature results for the
heavy rare earth free 3D-printed magnets.
To estimate the influence of the formed intergrain layer on the
weakening of the grain exchange interaction, the ratio of residual mag-
netization to spontaneous magnetization was determined. In the
absence of interaction between the particles, this ratio is 0.5 for the
isotropic StonerWohlfarth ensemble. The comparison of the consid-
ered 3D-printed magnets with this model in positive applied magnetic
field is correct due to isotropic distribution of easy magnetization axes
of the main hard magnetic Nd2Fe14B phase and absence of irreversible
magnetization reversal. Table 2 presents the values of residual and
spontaneous magnetization obtained from the law of approaching to
magnetic saturation. The initial alloy MQP-B shows the largest devia-
tion from the StonerWohlfarth limit caused by strong intergrain
exchange interaction of ferromagnetic type. The relative residual mag-
netization of the 3D-printed nanocrystalline magnet is fully consistent
with the StonerWohlfarth model. The hysteresis loop of the 3D-
printed microcrystalline magnet exhibits an inflection near the zero
magnetic field strength and the value of residual magnetization was
determined in zero internal magnetic field.
For an independent quantitative evaluation of the intergrain
exchange interaction in the 3D-printed magnets, the method based
on the comparison of temperature dependencies of their residual
magnetization was used [30]. Before starting the measurement, the
3D-printed magnets were magnetized in the magnetic field
m0H = 7 T at room temperature. The temperature dependence of the
residual magnetization upon cooling was measured after switching
off the magnetic field. Fig. 7 shows the dependence of residual mag-
netization at T = 300 K. The 3D-printed magnets are affected by their
own demagnetization field ofm0Hd ~ 0.02 - 0.04 T. Spontaneous mag-
netization and, accordingly, residual magnetization increase upon
temperature decrease from 300 to 135 K. At temperature of
Tsr  135 K, there is the spontaneous spin-reorientation transition in
the 3D-printed magnets. The type of this transition is the easy mag-
netization axis - the cone of easy magnetization axes. Below
Tsr  135 K, the dependences change radically. The 3D-printed micro-
crystalline magnet shows a decrease in magnetization. This is due to
a deviation of magnetic moments of individual crystallites from the
direction of the residual magnetization to minimize the magneto-
static energy in their own demagnetization field. The temperature
dependence of the reduced residual magnetization of the initial
MQP-B alloy near Tsr is deflected in the opposite direction. The reason
Fig. 7. Reduced remanence vs. temperature dependence of the initial nanocrystalline
MQP-B material and 3D-printed nano- and microcrystalline magnets (Note: Nanomag-
net  nanocrystalline magnet and Micromagnet microcrystalline magnet).
738 A.S. Volegov et al. / Acta Materialia 188 (2020) 733739for such behaviour is a strong intergrain exchange interaction of the
ferromagnetic type which is prevailing over the magnetostatic one.
The parallel orientation of magnetic moments of the neighboring
grains is energetically advantageous for this interaction. Based on the
current curves (Fig. 7), it can be concluded that the exchange interac-
tion in the MQP-B alloy prevails over the magnetostatic one. At the
same time, the magnetostatic interaction prevails over the exchange
one in the 3D-printed microcrystalline magnet. This is associated
with a small specific contact area of neighboring grains and the pres-
ence of intergrain paramagnetic layer suppressing the exchange
interaction. The position of magnetic moments at the phase transi-
tion remains the same allowing to estimate a constant of intergrain
exchange interaction quantitatively within the limits of the approxi-
mation given below.
The energy of intergrain exchange interaction in the 3D-printed
nanocrystalline magnet can be written in the following form:
E¼KexScosf;
where Kex constant of intergrain exchange interaction, S  contact
area between grains, cosf  mean angle cosine value between mag-
netic moments of neighboring grains.
In the state of residual magnetization and in the case of uniaxial
type of magnetocrystalline anisotropy cosf  0:25.
Interaction energy of magnetic moments with their own demag-
netization field:
Ed ¼m0NVMrMs cosðuÞ;
where Ndemagnetization factor of the 3D-printed nanocrystalline
magnet N¼0:05ð Þ;Vvolume of a crystal, Ms  spontaneous magneti-
zation of Nd2Fe14B intermetallic Ms¼1:27MA=mð Þ;Mr remanent
magnetization of the 3D-printed nanocrystalline magnet
(Mr  0.32MA/m), u  angle between directions of magnetic moment
of a grain and demagnetizing field ðcos u  0;5Þ.
Then, assuming the cubic form of particles and equality of these
energies:
Kex ¼ m0NdM
2 cos uð Þ
cosf
 1:5 mJ=m2;
where dmean value of the grain size ðd  30nmÞ derived from the
measured here XRD diffractograms.
From the fundamental point of view, the determination of the
numerical value of Kex in the magnetic materials of the NdFeB system
at different thicknesses of the paramagnetic layer is essential forunderstanding of the magnetization reversal processes in both nano-
and microcrystalline (sintered) magnets. In the latter case, the
increase in thickness of the paramagnetic layer leads to the increase
in coercivity values what is associated with the decrease in the Kex
values between grains and their independent magnetization reversal.
Additionally, the Kex value together with the data on microstructure
and magnetic hysteresis properties provide the information about
the area of preserved contacts between grains. As an important prac-
tical implication, understanding the dependence of intergrain
exchange interaction with respect to the chemical composition of the
intergrain paramagnetic layer enables purposeful composition opti-
mization of this layer in order to minimize its volume while main-
taining high values of residual magnetization.
Value Kex is about 57 times lower than the same one estimated
in [20,24,25,31,32]. The positive value of Kex is determined by the
intergrain exchange interaction through the remaining contact areas
between the grains. Varying Kex allows local tuning of magnetic prop-
erties in permanent magnets or magnetic systems. In the area of
poles, Kex can be like in the initial material while in other parts it can
be reduced to increase coercivity. Additionally, the stray field free
systems can be designed by fine control of magnetic flux through the
different parts of a magnetic system. The stray field free magnetic
systems will possess small weight and volume.4. Summary
In this work we demonstrated feasibility of the single step addi-
tive manufacturing of the heavy rare earth free high-coercivity NdFeB
magnets with the coercivity up to 1.6 T. This was possible due to inte-
gration of the in-situ grain boundary (GB) infiltration of the low melt-
ing paramagnetic alloy (between the grains of the Nd2Fe14B phase)
into the additive manufacturing process. To understand the influence
of microstructure and magnetization reversal processes on the hys-
teresis magnetic properties of the 3D-printed magnets, nano- and
microcrystalline magnets were synthesized. It was found that the
microcrystalline magnets demonstrate lower coercivity in compari-
son with that of the nanocrystalline ones. This is due to the existence
of the large areas of magnetically coupled grains with shared bound-
aries in the 3D-printed microcrystalline magnets. Due to the coupled
grains, the domain wall can easily move through the shared bound-
aries leading to reduction in coercivity. It was experimentally demon-
strated that decreasing the average intergrain exchange interaction
by reducing the area of shared grain boundaries, in the case of the
3D-printed nanocrystalline magnets, results in significant (1.7 times
as compared with that of the 3D-printed microcrystalline magnets)
increase in coercivity. The decoupling of grains is achieved by addi-
tion of the paramagnetic layer between the Nd2Fe14B grains leading
to the reduction of the exchange interaction constant value. Within
the limits of the model of irreversible rotation of magnetization, the
increase in coercivity is due to the increase of the effective constant
of anisotropy associated with the decrease in the average number of
neighboring grains having shared boundaries. It is shown that the
temperature coefficient of coercivity of the 3D-printed magnets is
lower than that of the microcrystalline ones due to the different
mechanisms of magnetization reversal. Both technological know-
how and fundamental understanding of the magnetization reversal
processes of the 3D-printed magnets demonstrated in this work pave
the way for the additive manufacturing of high-coercivity and low-
weight magnetic systems without heavy rare earth elements.Declaration of Competing Interest
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